Preferential repair of the transcribed strand of active genes is usually attributed to a coupling protein that dislodges RNA polymerase stalled at a damage site and recruits repair enzymes. Experimental observations of the effect of transcription on preferential repair in Escherichia coli are contradictory and inexplicable by this model. In this study, it is argued that the multiple conformations displayed by a stalled RNA polymerase result in two sub-pathways for repair: Mfd coupled and direct. Together with the fact that RNA polymerase recruits the repair enzymes in a promoter dependent manner, an integrated mechanistic model is proposed that is capable of explaining the effect of transcription on preferential repair reported in literature. The quantitative behavior of the model is illustrated by describing the various reactions using a biochemical network. The implications of the model on the mechanism for transcription-coupled repair in higher organisms are briefly discussed.
Introduction
Transcription-coupled repair, the rapid and preferential mending of actively transcribing genes, is an important mode of DNA excision repair [1] [2] [3] [4] [5] [6] [7] defects in which are responsible for the symptoms of Cockayne syndrome [8, 9] . Preferential repair of actively transcribing genes in Escherichia coli is brought about by Mfd protein that dislodges a stalled RNAP and recruits repair enzymes (UvrA 2 B) [10] . The molecular mechanism of this pathway is remarkably conserved exhibiting mechanistic similarity across the living kingdom. Experiments in E. coli have revealed two important properties of this pathway that are contradictory and inexplicable by the current model: (i) for the lacZ gene, Mfd is required at low levels of transcription but not at elevated levels of transcription [11] ; and (ii) for the tryT gene, induction by the transcriptional activator Fis suppresses preferential repair [12] . In this report, an integrated mechanistic model that accounts for events at the promoter as well as at a stalled RNA polymerase is proposed that is capable of explaining the above observations. Because the model involves complex interactions between several factors, the quantitative behavior of the model is illustrated by using a biochemical network.
Model
Factors responsible for preferential repair of the transcribed strand arise during transcription initiation. DNA supercoiling and footprint analysis have revealed that the binding of RNAP to λP L promoter provides UvrA 2 B complex with a preferred binding site on the non-transcribed strand resulting in the activation of 5 -3 helicase activity [13] . Moreover, crosslinked immunoprecipitates of isolated membrane-associated nucleoids from E. coli show that UvrA is specifically associated with the ␤ subunit of RNAP [14] . Based on these results and further studies on dimer excision, Ahn and Grossman suggested that upon recruitment of UvrA 2 B to the transcription bubble at the promoter region, a competent nucleoprotein complex for helicase action is formed that translocates along the non-transcribed strand in an ATP hydrolysis-dependent reaction [13] (leading the actively transcribing RNAP) and targets upstream dimers on the transcribed strand. However, the nature of the interaction between RNAP and UvrA 2 B is yet unclear, particularly in the regions away from the promoter. In general, the presence of transcriptional activator or repressor bound to the promoter may alter the ability of RNAP to recruit UvrA 2 B to the transcription bubble by either physically preventing its access to promoter regions (e.g., repressor) or by altering the topology of the promoter (e.g., activator). Upon encountering a lesion (here dimer) on the transcribed strand, RNAP stalls and adopts multiple backtracked conformations (simple and arrested) [15] . These conformations are reversible and it is thought that RNAP undergoes one-dimensional "diffusion-like" motion along a restricted length of DNA bounded by the dimer on one end [16] . Reversibility of some backtracked conformations may involve simple isomerization while for others, transcript cleavage and re-initiation by accessory proteins such as GreB. However, even if the backed off RNAP reattempts an energetic forward motion to resume RNA synthesis, it will be rendered inactive upon encountering the dimer. Therefore, the stalled RNAP alternates between the various conformations. Some of the backtracked conformations are substrates for Mfd that pushes RNAP forward resulting in activation or detachment [17] . Here, two sets of conformations are considered: stalled and free.
Upon binding to the stalled conformation, Mfd pushes the RNAP molecule off the DNA and recruits the complex UvrA 2 B through physical association [10] . Here, it is hypothesized that the free conformations allow the dimer to be bound directly by UvrA 2 B. The number of UvrA 2 B complexes available at the dimer that has stalled a RNAP is determined by their recruitment to the transcription bubble at the promoter through physical association with RNAP. Therefore, there are two sub-pathways for repair and the choice between the pathways is determined by events at the promoter as well as the competing events occurring at a dimer ( Fig. 1 ).
Results
To illustrate the quantitative behavior of the model, a mathematical description of the biochemical reactions in- Bound UvrB creates a kink in the DNA and its C-terminus recruits UvrC resulting in an active endonuclease which cleaves a phoshodiester bond four-seven phosphates 3 to the damage. This event activates a second nuclease in UvrC, which incises the eighth phosphate backbone 5 to the damaged residue. The oligonucleotide about 12 bp long, containing the dimer, is excised by the helicase UvrD, the gap filled by the action of DNA Pol I and, finally, the nick stitched by DNA ligase [20, 21] . K and k denote the Michaelis-Menten and first order rate constants, respectively. volved (Fig. 2) is developed based on the general theory of enzyme kinetics [18] . A two state model that allows for equal probability of the two conformations (stalled and free), in the absence of repair enzymes, is used to describe the encounters between RNAP and dimers (see accompanying supplementary information for details). The enhancement in the number of UvrA 2 B molecules at a dimer with stalled RNAP is a function of the number of RNAP molecules moving along the length of the gene and the degree to which this complex is recruited to the transcription bubble. The latter is embodied in the parameter β and, therefore, the enhancement in the number of molecules of UvrA 2 B available at a dimer with stalled RNAP is, 1 + β[P * ] (see legend to Fig. 2 for definition of parameters) . Note that β is not a binding constant but a phenomenological parameter that couples recruitment of the UvrA 2 B complex at the promoter with transcriptional activation to provide the number of UvrA 2 B molecules available at a site of stalled RNAP. This parameter is an important determinant of the sub-pathway employed for repair: higher recruitment results in repair through direct binding of repair enzymes to free dimers. For promoters where bound molecules (repressor or activator) interfere with the recruitment of UvrA 2 B, i.e., for low values of β, repair is predominantly through the Mfd pathway (compare left two panels and right two panels of Fig. 3) : repair of the transcribed strand is much slower than that of the non-transcribed strand in mutant strains. Moreover, an increase in transcription has an insignificant effect on the rate of repair (compare top two panels and bottom two panels of Fig. 3 ). Promoters with higher values of β require Mfd at low levels of transcriptional activation (left two panels of Fig. 3 ). For a value of β in this range, an increase in the levels of transcription has the potential to obviate the requirement of Mfd (compare right two panels of Fig. 3 ). It is likely that most genes operate with values of β in this range. Simulations of the time-course of repair for a value of β in this range compare well with experimental data for the lacZ gene reported in literature (Fig. 4) . In the parametric study reported above, the value of β was a constant. In reality, β is a function of the level of transcriptional activation. This notion opens the possibility of studying the process of recruitment of the repair enzymes to promoters with a variety of repressors and activators in detail using experimental as well as computational tools [19] . Furthermore, β is likely to decrease as RNAP moves along the gene due to detachment. Together with the reduction in recruitment of the repair enzymes to the transcription bubble at the promoter upon binding of the transcription activator Fis, the observed slower repair in regions downstream of the transcription start site upon transcriptional activation of the tryT gene [12] can be explained by the proposed model.
Discussion
The proposed model can be rigorously validated through well-designed experiments. For example, controlled expression of UvrA using plasmid constructs can increase the concentration of UvrA 2 B (UvrB is in excess of UvrA) leading to an increase in the recruitment of this complex to the transcription bubble at the promoter as well as availability of this complex to dimers through non-specific DNA binding. Another interesting possibility is to mutate RNAP or UvrA so as to alter their affinity for each other and thereby affect the efficiency with which the complex is recruited to the transcription bubble. The above model also suggests that the mechanism of transcription-coupled repair may be determined by the properties of the promoter and the manner in which transcription is regulated. Two promoters, resulting in different mechanisms of repair were mentioned above, namely, lac and tyrT. Further studies in other promoters will help elucidate the role of the promoter in determining the mechanism of transcription-coupled repair.
The existence of an alternative pathway for preferential repair is mentioned in the works of Ahn and Grossman [13] and Grossman and co-workers [14] . This pathway relies on the enhanced delivery of UvrA 2 B due to interaction and translocation with RNAP but still requires Mfd to dislodge the stalled RNAP.
The recent observation that conformation modulating sub-units (Rpb4 and Rpb9) of RNA Pol II in Saccharomyces cerevisiae are capable of inducing a switch between Rad26 (Mfd pathway) and direct repair pathways [22] can be explained by the above model and unknown proteins need not be invoked, i.e., it is likely that these conformation modulating sub-units alter the distribution of the stalled and free states. The recruitment of the repair enzyme complex to the transcription bubble at the promoter region through physical association with RNAP appears to have a strong analogy with the loading of TFIIH (a basal transcription factor and an important NER protein [23, 24] ). TFIIH is usually jettisoned after about 30-60 nucleotides downstream from the transcription start site [6] and, is therefore, implicated in preferential repair in the immediate vicinity of the start site that does not require Rad26 (Mfd) [25] . A similar phenomenon has been noted in vitro using human nucleotide excision repair proteins [26] although no preferential repair was observed in the absence of CSB. Moreover, footprint analysis revealed that RNA Pol II stalled at a thymine dimer covers ∼40 nt nearly symmetrical around the dimer. As static footprints capture only the average of many dynamic conformations, they do not provide adequate insights into the extent of backtracking and the underlying mechanism of repair. These examples provide ample motivation to investigate the interplay between RNAP conformations, delivery of repair enzymes, and the choice between the sub-pathways for preferential repair in eukaryotes within the framework of the model proposed above.
Methods
The mathematical representation of the biochemical network (Fig. 2) is described in detail in supplementary information. The parameter values were taken from literature and reasonable values were assigned to those whose values are not reported. The model equations were integrated in time using the function ode15s available in MATLAB ® (The Mathworks, Natick, MA).
